Purpose At the beginning of the twenty-first century, the computer has supplemented the possibilities of orthopaedic surgery. This article analyses the feasibility and potential clinical benefit of intraoperative three-dimensional imaging (3D), computer assisted surgery (CAS) and intraoperative pedography (IP) in foot and ankle surgery. Methods The feasibility, accuracy and clinical benefit of 3D, CAS and IP were analysed in ongoing experimental and prospective studies at the institution in which the inventor of IP and principal user of 3D and CAS in foot and ankle surgery operates.
Introduction
Foot and ankle surgery at the end of the twentieth century was characterised by the use of sophisticated computerised preoperative and post-operative diagnostic and planning procedures [1, 2] . However, intraoperative computerised tools that assist the surgeon during his or her struggle for the planned optimal operative result are not available [1, 2] . This results in an intraoperative "black hole" without optimal visualisation, guidance and biomechanical assessment [1, 2] . The future will be characterised by breaking up this intraoperative black hole. We will have more intraoperative tools to achieve the planned result [1, 2] .
Intraoperative three-dimensional imaging (3D), computer assisted surgery (CAS) and intraoperative pedography (IP) are three possible innovations to realise the planned procedure intraoperatively [1, 2] . These methods have been in clinical use at our institution for the last decade [1, 2] . This article analyses the feasibility and clinical benefit of this kind of computer use for foot and ankle surgery.
Intraoperative three-dimensional imaging

Background
When using intraoperative fluoroscopy in foot and ankle surgery, incorrect position of bones, bone fragments and/or implants frequently remains undiscovered and is only recognised on post-operative computed tomography (CT) scans [3] [4] [5] . A mobile C-arm with 3D imaging (ISO-C-3D, Siemens, Erlangen, Germany) has been developed to enhance the intraoperative recognition of problems with fracture reduction and fixation [4] . The conclusions of the first clinical experience using this device was that the intraoperative 3D visualisation with the ISO-C-3D could provide useful information in foot and ankle trauma care that cannot be obtained from plain films or conventional Carms alone [4] . The ISO-C-3D appeared to be most helpful in procedures with closed reduction and internal fixation, and/or when axial reformations provide information that is not possible with a conventional C-arm and/or direct visualisation during open reduction and internal fixation (ORIF). The ISO-C-3D introduces the possibility of replacing a postoperative CT scan as two-dimensional images for documentation can also be performed [4] . The radiation contamination that corresponded to 39 seconds of fluoroscopy time with a conventional digital C-arm and the time spent with 440 seconds interruption of the surgical procedure have been criticised [4] . The second-generation device has been developed to minimise these problems and to improve handling. The aim of a second study was to assess the clinical use of the new device (ARCADIS-3D, Siemens) in comparison with earlier experience with the first-generation device (ISO-C-3D, Siemens). In this study, reconstructive procedures were also included in addition to trauma cases [3] . This clinical study was performed in a Level I trauma centre, which is also a university hospital (ISO-C-3D group, institution A), and a Level II trauma centre, which is also a university teaching hospital (ARCADIS-3D group, institution B). The surgical staff involved in the study consisted of experienced orthopaedic surgeons as well as interns, residents and fellows in training. The devices were always used after reduction/correction and positioning of implants had been judged to be correct by the surgeon using a conventional C-arm. When incorrect reduction and/or implant positions were detected with the conventional C-arm, a correction of the reduction/correction and/or implant was performed.
Technical equipment ISO-C-3D/ARCADIS-3D (Siemens) are motorised mobile C-arms that provide fluoroscopic images during a 190°o rbital rotation, resulting in a 119-mm data cube (Fig. 1 ). Multiplanar and two-dimensional reconstructions can be obtained from these 3D data sets.
Study results
On average, the operation was interrupted for 440 seconds in the ISO-C-3D group (120 seconds, on average, for the scan and 210 seconds, on average, for evaluation of the images by the surgeon). In the ARCADIS-3D group, the operation was interrupted for 320 seconds on average (60 seconds, on average, for the scan and 180 seconds, on average, for evaluation). The net radiation time during a 100-image scan was 39.3 seconds for the ISO-C-3D and 19.6 seconds for ARCADIS-3D. Using the ISO-C-3D scan, the position of the implant alone was corrected in 26 % of cases (16 of 62), the reduction alone was corrected in 19 % of cases (12 of 62), and both implant position and reduction were corrected in seven percent of cases (four of 62). A second ISO-C-3D scan was performed in 12 cases after the corrections (50 % of cases in which corrections were performed). In none of those 12 cases were further corrections made after the second scan. Using the ARCADIS-3D scan, the position of the implant alone was corrected in 26 % of cases (16 of 62), the reduction alone was corrected in 15 % of cases (ten of 62), and both implant position and reduction were corrected in 8 % of cases (five of 62). A second ARCADIS-3D scan was performed in 14 cases after the corrections (66 % of cases in which corrections were performed). In none of those 14 cases were further corrections made after the second scan. The level of the surgeon's experience did not differ between the ISO-C-3D and ARCADIS-3D groups (χ 2 test, p>0.05). The percentage of correction did not significantly differ between groups with different experience (head of department, attending surgeon, senior resident and junior resident, and ISO-C-3D versus ARCADIS-3D, χ 2 test, p>0.05).
Discussion
In this landmark study, the intraoperative use of the ISO-C-3D in foot and ankle fracture care and in corrections of post-traumatic deformities in the hindfoot region led to changes of reduction/correction and/or implant position in more than one third of the cases [3] . Other studies have shown the same effect [6, 7] . In those institutions where an ISO-C-3D/ARCADIS-3D is available it will be used intraoperatively as described despite the questionable impact on the outcome [3] . The goal of the surgical procedure is to achieve anatomical reduction and optimal implant position [3] . The aim is to avoid insufficient reduction/correction and intraarticular implant position and the ISO-C-3D/ARCADIS-3D is helpful for this purpose [3] . In particular the possibility of The lower leg, ankle and foot is placed on a splint which is covered by a sterile plastic bag to maintain a neutral foot and ankle position during the scan. Then, the entire table with lower legs, ankles and feet is covered with a second plastic bag to maintain sterility. During the scan, the entire staff leaves the area of radiation contamination obtaining axial reformations was found to be extremely helpful, for example in Weber C fractures. We recognised rotational malpositions of the distal fibula when using the ISO-C-3D/ARCADIS-3D intraoperatively and were able to correct the reduction in the same procedure ( [3] . Another important finding in this study was the high percentage of screws penetrating joints when ORIF of calcaneus fractures was performed ( Fig. 2a-d ) [3] . Although the posterior facet and the calcaneocuboid joint were visible from the lateral side, we frequently found screws penetrating these joints medially when we performed an intraoperative ISO-C-3D/ARCADIS-3D scan [3] . Both joints are oblique and the posterior facet is especially difficult to visualise with a C-arm (Broden's view) [8, 9] . Significant steps in the joint line of the posterior facet were also recognised with the ISO-C-3D/ARCADIS-3D only, and correction during the same operative procedure was possible [3] . A major concern for new technical devices is always the time factor. In our study, the use of the ISO-C-3D/ARCADIS-3D was not especially time consuming [3] . The operation was interrupted for 7.20 minutes on average for the ISO-C-3D/ARCADIS-3D use. In summary, the ISO-C-3D/ARCADIS-3D is most helpful in closed procedures and/or when axial reformations provide information which are impossible to obtain with a C-arm or by direct visualisation [3] .
Computer assisted surgery ISO-C-3D/ARCADIS-3D-based CAS for retrograde drilling in osteochondrosis dissecans (OCD) of the talus [10, 11] Background The goal in osteochondral defects of the talus in stages I and II according to Berndt and Harty is revascularisation of the lesion [12] . A debridement of the chondral part is required if symptomatic [13, 14] . This debridement is limited to loose cartilage or cartilage with poor quality [13] [14] [15] . Subchondral drilling of the lesion allows revascularisation. Retrograde drillings leave the chondral surface intact and are therefore advantageous compared with antegrade drillings [16] . Arthroscopically guided drillings are limited to those lesions that can be arthroscopically identified [15] . In the remaining cases open procedures are justified [17] . Based on these principles CTbased CAS-guided retrograde drilling of osteochondral lesions has been described with promising results as a new technique [18] . CT-and fluoroscopy-based navigation systems in current use are limited in their flexibility [17] . The drawback of fluoroscopy is lack of 3D imaging intraoperatively. CT-based navigation still requires intraoperative cumbersome registration, extra preoperative planning and imaging with further technical resources [19] .
Technical equipment In addition to the current method of arthroscopic evaluation and treatment, we earlier introduced an alternative technique of using 3D imaging with ISO-C-3D (Siemens)-based CAS-guided retrograde drilling of the lesion [19] . This method was feasible, accurate and showed good clinical outcome [1, 19] . However, the technical equipment of the earlier 3D imaging devices (model ISO-C-3D, Siemens) and CAS devices (model Surgigate, Medivision, Oberndorf, Switzerland) was somewhat cumbersome in handling and error-prone [1, 19] . These devices were further developed for easier and faster handling and less prone to error. The follow-up of the patients treated with ISO-C-3D navigated CAS has been analysed.
Study results Time of follow-up was 18 (12-28) months. Nine patients could be included in the follow-up study. One patient required an Osteochondral Autograft Transfer System (OATS) procedure after initial clinical improvement. This patient had to be excluded. The Visual Analogue Scale Foot and Ankle (VAS FA) score was 92 (86-98) [20] . We later introduced a 3D imaging-based CAS-guided retrograde drilling with a combination of these actual devices (model ARCADIS-3D, Siemens, and model NaviVision, Brainlab) [10, 11] .
Conclusions In conclusion, the advantages of this technique are an actual intraoperative 3D imaging for navigation without the need for anatomical registration (matching) and an immediate intraoperative control of surgical treatment. The results of this case demonstrate accurately navigated drilling with the described system. The accuracy was confirmed with immediate intraoperative 3D imaging. Our results indicate that ARCADIS-3D-based CAS-guided retrograde drilling is a good alternative to arthroscopically guided or two-dimensional imaging-based CAS-guided drilling of OCD lesions of the talus.
C-arm-based computer assisted surgery
Background Ankle, hindfoot and midfoot deformities are not uncommon [21] [22] [23] [24] . The biomechanical consequences of these deformities frequently lead to clinical symptoms such as pain and gait disturbances [21] [22] [23] [24] . The correction of the deformities is challenging since nonunion and remaining deformity with symptoms are frequent [21, [23] [24] [25] [26] [27] . The preoperative diagnostic assessment with radiographs and CT allows accurate planning of the correction and the level of accuracy is not diminished by the use of computerised planning systems [28] [29] [30] [31] [32] [33] . However, during the operative procedure the realisation of the planned correction is difficult, because the correction process is performed by the surgeon without guidance beyond a conventional C-arm [1, 21, [23] [24] [25] [26] . In other fields of orthopaedic surgery including spine, hip and knee surgery, CAS was found to be helpful and more accurate than the conventional methods without navigation [34] [35] [36] [37] [38] .
Technical equipment For the foot region, a system for Carm-based CAS-guided correction was developed since CTbased CAS did not work successfully in vitro [17] . This system then showed adequate feasibility and accuracy in the first clinical cases [1, 39] . To date, the method is in routine use in the author's institution.
Study results
In a matched-pair study, the correction of deformities of the ankle, hindfoot and midfoot/tarsometatarsal (TMT) joint with and without CAS were compared. All patients who were treated with correction arthrodesis between 1 January 2005 and 30 June 2008 (n=503) were considered for inclusion. The patients were not randomised. All patients were principally considered for CAS-guided correction due to availability of CAS systems, and 118 patients were included in the CAS group. Of the remaining 385 patients that were not treated with CAS, 118 were considered for the group without CAS. These 118 matchedpair patients were selected to match demographic data and correction location of the CAS group. The preoperative angles or translations, the planned correction and the amount of correction was then drawn with lines, angles and translations in the corresponding CT images using a software of the institutional Picture Archiving Communication System (PACS) (Fig. 3a-g ). These images served as the baseline for the planned correction. The deviation from the achieved correction in comparison to the planned correction was analysed with corresponding images from an intraoperative CT. A maximum deviation of two millimetres for translations or two degrees for angles was considered to be sufficient accuracy. The clinical The talus and calcaneus were equipped with dynamic reference basis (DRB, i.e. passive markers), and lateral and Saltzman views were acquired for CAS-guided correction (e). CAS-guided correction and insertion of two autologous tricortical bone blocks from the ipsilateral dorsal pelvic rim. CAS-guided drilling for special screws (Midfoot Fusion Bolt, Synthes, West Chester, PA, USA). Intraoperative 3D imaging was performed to analyse the correction and implant position which showed an optimal talocalcaneal angle (f, white arrow). The post-operative radiograph validates an optimally corrected talocalcaneal angle (g) examination included the American Orthopaedic Foot and Ankle Society (AOFAS) clinical rating system and VAS FA [20, 40] .
The correction location for both groups was: correction arthrodeses at ankle, n=24; subtalar joint, n=28; ankle and subtalar joint, n=19; midfoot/TMT joint, n=28; others, n=19. Within the CAS group, the time needed for preparation of the CAS system was 345 seconds (5 min, 45 s) (4-30 min). The correction process took 27 seconds (12-240) with CAS and 312 seconds (62-660) without CAS. The CAS system encountered malfunctions in four procedures (3 %) in which the verification process was not successful. In the remaining 114 cases with CAS, and in 62 cases (53 %) of the group without CAS, all the achieved angles/translations were within a maximum deviation of 2°/mm when compared to the planned correction. Consequently, 3 % of cases with CAS and 47 % of cases without CAS were considered to be not of sufficient accuracy as defined (p=0.02).
After more than 24 months (mean 40.2, range 24-70), 98/97 (82/82 %) CAS/without CAS completed follow-up. Fusion was registered in all cases. The scores were higher with CAS than without CAS (CAS/without CAS, AOFAS 83/71, VAS FA 81/69, p<0.05).
Conclusions CAS guidance for the correction of deformities of the ankle, hindfoot and midfoot/TMT joint provided higher accuracy, a faster correction process and better scores at a minimum follow-up of two years in comparison to CAS without guidance in a single-centre matched-pair follow-up study.
Intraoperative pedography
Background
Pedography is an effective method for the analysis of the improved biomechanical function at clinical follow-up [41] . In the year 2005, we completed the development and validation of a device and method forIP [42] .
Technical equipment
A device named Kraftsimulator Intraoperative Pedographie® (KIOP®, R-Innovation) was developed for a standardised intraoperative introduction of forces to the foot sole (Fig. 4 ) [42] . The pedographic measurements are registered by a custom-made mat with capacitive sensors (model Pliance®, Novel) connected to an IBM compatible laptop computer with modified software (model Pliance Expert® spec. IP, Novel, Fig. 4 ). This method allows static pedography in anaesthetised subjects in the supine position without statistically significant force distribution differences in comparison to the standing position [42] . IP was used to detect non-optimal biomechanical conditions of the foot allowing the surgeon to modify a reduction or correction during the same operative procedure (Fig. 5a-i) [42] .
Study results
A prospective randomised controlled clinical follow-up study was started to evaluate the potential clinical benefit of the system during operative corrections and/or arthrodeses of foot pathologies [43] . The preliminary results showed that a modification of the surgical correction/arthrodesis was made after IP in the same surgical procedure in almost half of the cases [43] . However, it remained questionable whether these modifications led to changes in the clinical outcome. A Level I study (randomised, prospective, consecutive, blinded, clinical follow-up) comparing treatment with IP (study group) and without IP (control group) was started [44] . Patients (age 18 years and older) who underwent an arthrodesis and/or correction arthrodesis of the foot and ankle were included, starting 1 September 2006. All subjects receive preoperative clinical and radiographic assessment and standard dynamic pedography. The subjects are randomised into two groups: (1) use of IP versus (2) no use of IP. The IP of the foot that was operated upon was used after the surgeon considered the correction process and the internal fixation to be optimal based on the surgeon's experience including the evaluation of the clinical appearance of the foot and C-arm images. In the IP group, the contralateral foot and the involved foot before correction are measured in the preparation area after the beginning of the anaesthesia. The following scores are used: AOFAS clinical rating system, VAS FA and Short Form 36 (SF-36, standardised to 100-point maximum). Intraoperative consequences after the use of IP and any adverse effects were recorded. Follow-up including clinical examination, radiological studies, dynamic pedography, and foot and ankle focused assessment was performed. One hundred cases No complications related to the use of IP such as infection were observed. All patients completed follow-up after six to 24 months (12 months on average). The follow-up scores were AOFAS 92.5±19.7, VAS FA 90.2±13.4, SF-36 94.3± 18.8. The scores at follow-up were significantly higher than the preoperative scores (t test, p<0.05). The scores from the IP group were significantly higher than the scores from the group without IP (t test, p<0.05).
Conclusions
In conclusion, at a mean of two years follow-up in a Level I but single-centre study, additional use of IP as the only difference between two groups with correction and/or arthrodesis at foot and/or ankle led to improved clinical outcome scores. Low scores (less than 69 points in all scores) were avoided with IP. This has to be critically re-analysed when longer follow-up, greater case numbers and data from other study centres are available.
What do we need when?
The perfect surgeon who does not make any mistakes without any guidance does not need any of the new systems. However, the surgical staff involved in foot and ankle surgery consists of experienced surgeons as well as interns, residents and fellows in training. In times of increasing legal pressure regarding working hours, the acquisition of surgical experience is harder.
Tools for improved intraoperative imaging (ISO-C-3D), guidance (CAS) or biomechanical assessment (IP) may help the surgeon in training to achieve the planned result with less experience [1] .
Intraoperative three-dimensional imaging
The ISO-C-3D is most helpful in closed procedures and/or when axial reformations provide information that is not possible to obtain with a C-arm or with direct visualisation. [2] .
Computer assisted surgery CAS is helpful in complex 3D corrections or reduction and in closed placement of drillings and/or screw positioning [28] [29] [30] [31] [32] . The significance of the introduced CAS methods is high in those cases, because the improved accuracy may lead to an improved clinical outcome for complex corrections in hind-and midfoot deformities [21, 23, [45] [46] [47] [48] [49] [50] . CAS is too complex and time consuming for all those cases that are accurately and easily performed by the experienced surgeon.
Intraoperative pedography IP will be useful for all those cases in which biomechanical assessment may lead to an immediate improvement of the achieved surgical result [44] . The same cases that are currently analysed with clinical pre-or post-operative pedography will potentially profit from IP. The surgeon's experience is also crucial for the use of IP, since experienced surgeons who do not use pedography in their office may also not use it intraoperatively. IP as introduced was made possible by the newly developed device for intraoperative force introduction (KIOP, R-Innovation). figure left) . c Maximum pressure image of the preoperative dynamic standard pedography with obvious decrease of the force under the 1st metatarsal head in comparison with the contralateral side (see lower arrow) and an explicit increase of the force under the 2nd metatarsal heads on both sides (see upper arrow). d Maximum pressures of the preoperative dynamic standard pedography with decrease of maximum pressure under the 1st metatarsal head in comparison with the contralateral side (see lower arrow) and an increase of maximum pressure under the 2nd metatarsal heads on both sides (see upper arrow). A correction with distal 1st metatarsal correction osteotomy and a soft tissue procedure were performed (e). Then, due to an unsatisfactory force distribution of the intraoperative pedography with decreased force under the 1st metatarsal head and increased force under the 2nd metatarsal head (see h second image from left after correction and image left before correction), a modified Weil osteotomy of the 2nd metatarsal followed. This osteotomy was then again modified with removal of an additional slice of bone at the osteotomy site due to a remaining unsatisfactory force distribution (h second image from right). Finally, optimal position (f and g) and force distribution (h right)
Perspectives Future developments will include larger areas for 3D scans, corrective navigation with more than two fragments or bones and with 3D images, additional force-based navigation and better visualisation such as with holographic displays (Fig. 6 ). Larger scan areas will be enabled by larger flat panel detectors which are already available. Navigation of more than two fragments/bones in the 3D environment is based on more powerful computers and smaller navigation markers and is under development. A force-based navigation means that the guidance of the navigation system is not only based on bone/fragment position but also on forces that are calculated with a finite element model based on the data of the IP. This will give the bone/fragment position and the virtual resulting force distribution of this bone/fragment position (Fig. 6) . Finally, a holographic visualisation above the operative situs will be the most ergonomic possibility to display all kinds of information such as images from C-arm, ARCADIS-3D, CT, magnetic resonance imaging (MRI), utrasound and pedography and data such as distances, angles, forces and pressures (Fig. 6 ).
